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Introduction {#sec001}
============

The mammalian hyperpolarization-activated cyclic nucleotide-modulated (HCN) family of channels contains four subfamilies, HCN1-HCN4 \[[@pone.0185359.ref001]--[@pone.0185359.ref004]\]. HCN channels are widely expressed in the mammalian brain \[[@pone.0185359.ref005]--[@pone.0185359.ref007]\] and heart \[[@pone.0185359.ref008]--[@pone.0185359.ref010]\], where they generate I~h~ (hyperpolarization) and I~f~ (funny) currents, respectively. Among the four subfamilies HCN2 channels are the most prevalent in the brain and HCN4 account for more than 80% of the total HCN mRNA in the heart \[[@pone.0185359.ref001]\]. Due to their unique activation mechanism by membrane hyperpolarization HCN channels are the major contributors to the rhythmic firing of neurons and cardiac myocytes \[[@pone.0185359.ref001],[@pone.0185359.ref011],[@pone.0185359.ref012]\]. HCN channels also contribute to setting the neuronal resting potential and dendritic integration \[[@pone.0185359.ref001]\].

HCN channels are tetramers with each subunit containing six transmembrane segments (S1-S6) and an intervening P-loop ([Fig 1A](#pone.0185359.g001){ref-type="fig"}) \[[@pone.0185359.ref003],[@pone.0185359.ref004]\]. The S1-S4 segments comprise a voltage sensor, while the S5-S6 segments together with the P-loop form a centrally located pore of the channel. The characteristic feature of HCN channels is the presence of the cyclic nucleotide-binding domain (CNBD) in their C-terminal region. The CNBD, which contains the 'canonical' cyclic nucleotide binding site, consists of four α-helices (A, P, B, C) and a β-roll formed by eight β-strands flanked by the A- and B-helices ([Fig 1B](#pone.0185359.g001){ref-type="fig"}) \[[@pone.0185359.ref013]--[@pone.0185359.ref015]\]. The CNBD is connected to the pore forming transmembrane segment via the C-linker. The opening of HCN channels is facilitated by direct binding of cyclic nucleotides to the CNBD (reviewed in \[[@pone.0185359.ref001]\]). With a combination of structural, functional and fluorescence-based studies, and molecular dynamics simulations a chain of events leading to the channel opening is beginning to emerge \[[@pone.0185359.ref016]--[@pone.0185359.ref020]\]. Binding of cyclic nucleotides to the CNBD causes the C-helix to move closer to the β-roll \[[@pone.0185359.ref016]--[@pone.0185359.ref020]\]. It is though that this initial structural rearrangement promotes tetramerization of the C-linker/CNBDs \[[@pone.0185359.ref015],[@pone.0185359.ref021]\] and causes a centrifugal movement of the C-linker that widens the pore, facilitating the channel opening \[[@pone.0185359.ref022]\].

![Detecting cNMP binding to the HCN2 C-linker/CNBDs with SPR.\
(A) Cartoon of one of the four subunits of HCN channels. The transmembrane segments S1-S6 are grey, the C-linker is red, the CNBD domain is blue and the C-helix is green. cAMP bound to the CNBD and c-diGMP bound at the proposed site formed by the C-linker are depicted by yellow and cyan ellipses. (B) Cartoon of the mHCN2 C-linker/CNBD immobilized on the NTA chip surface using Ni^2+^-NTA and the N-terminal 6-His tag coupling. In the ribbon representation of the C-linker/CNBD \[[@pone.0185359.ref015]\], the C-linker is red, the β-roll and helices A, P and B are blue, and the C-helix is green. cAMP bound inside the β-roll cavity is yellow. (C) and (D) Representative SPR sensorgrams recorded for the immobilized HCN2 C-linker/CNBDs with the indicated concentrations of cAMP (C) and cGMP (D). C-linker/CNBDs immobilized on the same surface were used in (C) and (D). (E) Plots of the SPR response at 30 s after the start of the injection versus total cAMP (filled circles) and cGMP (open circles) concentration for sensorgrams shown in (C) and (D). The lines represent fits of the data with Hill equation. The binding affinities were 2.5 ± 0.4 μM for cAMP and 12.3 ± 1.1 μM for cGMP.](pone.0185359.g001){#pone.0185359.g001}

Recently, Lolicato et al. reported that cyclic dinucleotides decrease the effect of cyclic nucleotides on the opening of HCN4 channels but not HCN2 channels \[[@pone.0185359.ref023]\]. Cyclic dinucleotides, ubiquitous signaling molecules in bacteria \[[@pone.0185359.ref024]\], are newly discovered second messengers in eukaryotes \[[@pone.0185359.ref025],[@pone.0185359.ref026]\]. Although, the physiological importance of the cyclic dinucleotide regulation of HCN channels is not clear at this point, understanding the molecular mechanisms of this regulation is important for building a coherent picture of HCN channel function and might provide clues for the design of novel isoform-specific HCN channel regulators. The initial study by Lolicato et al. provided several insights on the molecular mechanisms of cyclic dinucleotide regulation, however, it also raised important questions. The initial hint on the cyclic dinucleotide regulation was obtained from the crystal structure of the isolated C-linker/CNBD of HCN4 channels crystallized in the presence of cGMP \[[@pone.0185359.ref023]\]. The crystal structure revealed cGMP bound to two sites, one 'canonical' site formed by the CNBD and the second site formed by the C-linker pocket (CLP) at the interface between the C-linker and CNBD. The CLP site was big enough to accommodate two cGMP molecules, prompting the authors to look into HCN4 channel regulation by cyclic dinucleotides. Based on the virtual docking of c-di-GMP inside the structure of the isolated C-linker/CNBD Lolicato et al., proposed that cyclic dinucleotides regulate HCN4 channels by binding to the CLP site. The authors did not provide a direct evidence of cyclic dinucleotide binding. However, the hypothesis of the cyclic dinucleotide binding to the CLP site was strengthened by mutational analysis of residues predicted to line the putative binding pocket, which revealed that R680E mutation completely abolished cyclic-dinucleotide modulation of HCN4 channels \[[@pone.0185359.ref023]\]. The C-linkers of the HCN2 and HCN4 channels are highly conserved in their amino acid sequence and have very similar structure when part of the isolated C-linker/CNBD protein ([S1 Fig](#pone.0185359.s001){ref-type="supplementary-material"}) \[[@pone.0185359.ref013]--[@pone.0185359.ref015],[@pone.0185359.ref023]\]. Moreover, the R680 residue is also conserved in HCN2 channels. Therefore, the mechanism of the HCN4 isoform-specific modulation by cyclic dinucleotides is not clear.

Here we used surface plasmon resonance (SPR) method to investigate cyclic nucleotide and cyclic dinucleotide binding to the isolated C-linker/CNBDs of HCN2 and HCN4 channels. Using the SPR method we found that while cyclic nucleotides (cAMP and cGMP) bind to the immobilized C-linker/CNBDs of HCN4 and HCN2, cyclic dinucleotides do not bind to the immobilized C-linker/CNBDs of HCN4 and HCN2 channels. This result was further supported with isothermal calorimetry method that also showed no binding of cyclic dinucleotides to the isolated monomeric and tetrameric C-linker/CNBD of HCN4 channels. Taken together, our results suggest that the cyclic dinucleotide binding in HCN channels requires coupling of the C-linker to the rest of the channel.

Materials and methods {#sec002}
=====================

Protein expression and purification {#sec003}
-----------------------------------

For surface plasmon resonance (SPR) and isothermal calorimetry (ITC) based experiments at low concentrations of the protein, C-linker/CNBDs of the wild-type and L586W mutant mouse HCN2 (mHCN2, residues 443--645) and human HCN4 (hHCN4, residues 521--723) channels were subcloned into pETM11 bacterial expression vector containing an N-terminal 6-His affinity tag followed by a tobacco etch virus protease (TEV) cleavage site. The proteins were expressed in BL21 (DE3) cells, and purified with Ni^2+^-NTA and size exclusion chromatography, as previously described \[[@pone.0185359.ref027],[@pone.0185359.ref028]\]. Briefly, bacterial cultures were grown at 37 ^o^C to the OD of 0.6--0.8 and induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at 18 ^0^C overnight. The cells were harvested by centrifugation and re-suspended in buffer A (150 mM KCl, 10% Glycerol, 1 mM tris(2-carboxyethyl)phosphine (TCEP), 30 mM HEPES; pH 7.5), supplemented with 1 mM 4-(2-aminoethyl) benzenesulphonyl fluoride hydrochloride (AEBSF) and 2.5 mg/ ml DnaseI. Cells were lysed with an EmulsiFlex C-5 homogenizer (Avestin). Insoluble protein was separated by centrifugation at 30,000 rpm for 1 hr at 4°C in a Beckman 45Ti rotor and the supernatant was loaded onto His-Trap HP column (GE Healthcare). The column was washed with buffer A and the proteins were eluted with buffer A + 500 mM imidazole. The proteins were further purified with size exclusion chromatography on a Superdex 200 Increase column (GE Healthcare) equilibrated with buffer A.

Testing cyclic dinucleotide binding to a tetrameric C-linker/CNBD of hHCN4 channels required high concentrations of the protein, which were not achievable for the C-linker/CNBD when expressed as a 6-His tagged protein in pETM11 vector. To increase protein yield the C-linker/CNBD of hHCN4 (residues 521--723) channels was subcloned into pHMALc2T bacterial expression vector containing an N-terminal maltose binding protein (MBP) tag followed by a thrombin cleavage site. The protein was expressed in BL21 (DE3) cells. The cells were harvested by centrifugation, re-suspended in the lysis buffer, lysed with an EmulsiFlex C-5 homogenizer and insoluble protein was separated by centrifugation in the same manner as for the C-linker/CNBDs in pETM11 vector. The supernatant was loaded onto MBPTrap HP column (GE Healthcare). The column was washed with buffer A and the protein was eluted with buffer A + 50 mM maltose. The MBP tag was removed by thrombin cleavage for 4 hrs at RT. The salt concentration was lowered by the addition of a no-salt buffer B (30 mM HEPES, 1 mM TCEP, pH 7.0) and the cleavage reaction was loaded onto HiTrap SP FF column (GE Healthcare). The protein was eluted with a gradient of 0.1--1 m KCl. Monodispersity of the protein was confirmed with size-exclusion chromatography on a Superdex 200 Increase column (GE Healthcare) equilibrated with buffer A.

The protein concentrations were determined with Coomassie (Bradford) Protein Assay (ThermoFisher Scientific). For SPR experiments and ITC experiments at low concentrations of the C-linker/CNBDs the purified proteins were stored at -80 ^o^C in small aliquots before use. For ITC experiments at high concentrations of the C-linker/CNBDs purified proteins were used immediately after the final purification step. The molecular weight of the purified proteins was verified with mass spectrometry (electrospray) at Georgetown Proteomics and Metabolomics Core Facility.

Surface plasmon resonance measurements {#sec004}
--------------------------------------

SPR method is based on the phenomenon of surface plasmons, electron charge density waves that propagate along the interface between two media \[[@pone.0185359.ref029],[@pone.0185359.ref030]\]. For the Biacore system used in our study the interface is between the glass of the sensor chip and the sample solution, with a thin conducting layer of gold separating the two media. Under conditions of total internal reflection, an incident light that strikes the chip surface is reflected without losing net energy. However, at a certain resonance angle, called the SPR angle, a characteristic absorption of energy happens that is manifested as a sharp drop in the intensity of the reflected light. The resonance angle depends on the refractive index in the vicinity of the sensor surface. Binding of an analyte to a protein immobilized on the chip surface causes changes in the refractive index and is detected as a shift in the resonance angle. This response is reported in the resonance units (RU). 1 RU corresponds to 0.0001 degree of change in the reflected light angle.

SPR experiments were performed at 25 ^o^C on a Biacore 4000 Instrument (GE Healthcare). C-linker/CNBDs of wild-type and L586W mutant mHCN2, and hHCN4 channels were immobilized on a NTA chip (GE Healthcare), as previously described \[[@pone.0185359.ref031],[@pone.0185359.ref032]\]. Immobilizations of the proteins were performed in HBS-P buffer (150 mM NaCl, 10 mM HEPES, 0.05% (v/v) surfactant P20, pH 7.4). First the NTA sensor surface was activated with a 1 min injection of 0.5 M NiCl~2~. The coupling of the Ni^2+^-NTA chip surface groups with the 6-His-tagged proteins was then achieved by 2.5 min injections of the proteins at 200 nM concentrations to the chip surface. After the initial capturing, the proteins were covalently cross-linked via 20 s injections of NHS-EDC carboxyl-reactive cross-linkers to prevent protein loss from the chip surface with successive analyte and buffer injections. This was followed by 20 s injection of 1 M ethanolamine to block the remaining reactive sites. The proteins were captured at \~1000--3000 resonance units (RU; 1 RU = 1 pg of protein per mm^2^). In all SPR experiments a reference spot was activated and blocked using similar coupling chemistry as for the active spots but with no proteins immobilized. This spot was used as a reference surface to account for a non-specific binding to the chip surface. The binding to the reference surface was subtracted from the binding to the surfaces with immobilized proteins. In addition, the binding corresponding to blank injections (buffer only) was subtracted from the reference subtracted SPR data.

The binding experiments were performed in the running buffer (150 mM KCl, 10% Glycerol, 1 mM TCEP, 30 mM HEPES, pH 7.5). Analytes over the range of concentrations were injected in triplicates over the chip surface for 60 s at a flow rate of 30 μl /min, followed by buffer only injections. The regeneration of the surface between the analyte injections was not necessary, as the baseline returned to the pre-injection levels. In some experiments we observed a drift in the baseline. This was because the reference subtraction described above was not perfect and resulted in the less than ideal correction. However, there was minimal residual binding between analyte injections, as indicated by essentially the same binding response for triplicate repeats of analyte injections at the same concentrations.

For the SPR experiments cAMP and cGMP were purchased from Sigma. c-di-GMP, c-di-AMP and 2'3'-cGAMP were purchased from BioLog Life Science Institute. Each experiment was repeated on at least three different NTA chips.

To determine the binding affinity (K~d~), the steady state SPR responses (R~eq~) at 30 s after the start of the injection were plotted against the analyte concentration and fitted with a Hill equation with Hill coefficient of 1, as described previously \[[@pone.0185359.ref033]\]. Analyte concentrations higher than 300 μM exhibited strong non-specific binding to the reference surface. Therefore, concentrations higher than 300 μM were excluded from the analysis. The data analysis and fitting of the plots was performed in Origin (Microcal Software, Inc). Error bars indicate the SEM. Omission of error bars indicates that the SEM was less than the size of the symbol in the figures. n represents the number of different NTA chips used for the same analyte injections. For each NTA chip an analyte was injected three times. Therefore, each experiment was repeated at least 3xn times. Statistical analysis was performed by using one-way ANOVA. P \< 0.05 was considered statistically significant.

Isothermal titration calorimetry {#sec005}
--------------------------------

For ITC experiments at low concentrations of the hHCN4 C-linker/CNBD the protein was concentrated to 6 μM and dialyzed in 150 mM KCl, 1 mM TCEP, 30 mM HEPES, pH 7.5 overnight at 4°C using a Slide-A-Lyzer dialysis cassette (ThermoFisher Scientific). For ITC experiments at high concentrations of the hHCN4 C-linker/CNBD the protein was concentrated to 80 μM and dialyzed in 100 mM KCl, 1 mM TCEP, 20 mM HEPES, pH 7.0 overnight at 4°C using a Slide-A-Lyzer cassette. The protein solutions were degassed prior to each experiment. ITC titrations were performed at 25°C using the ITC200 calorimeter (Malvern Instruments Inc. Westborough, MA). The proteins were titrated in the 200 μL cell with 300 μM cAMP or 300 μM c-di-GMP for 6 μM C-linker/CNBDs, and with 1mM cAMP or 1 mM c-di-GMP for 80 μM C-linker/CNBDs. To test binding of c-di-GMP in the presence of cAMP with ITC, 100 μM cAMP for 6 μM C-linker/CNBDs and 1 mM cAMP for 80 μM C-linker/CNBDs were present in both the solution with hHCN4 C-linker/CNBDs and the titration solution with 300 μM c-di-GMP. The titrations were done using 1.25 μL injections at 160-s intervals. Data analysis was performed with NITPIC and SEDFAT \[[@pone.0185359.ref034],[@pone.0185359.ref035]\] using a single-site binding model for 6 μM C-linker/CNBDs and a two independent binding site model for 80 μM C-linker/CNBDs, as used by Chow et al. \[[@pone.0185359.ref036]\].

Results {#sec006}
=======

cAMP and cGMP bind to the immobilized C-linker/CNBD domain of mHCN2 channels in a concentration dependent manner {#sec007}
----------------------------------------------------------------------------------------------------------------

To test if SPR method is suitable for detecting ligand binding in HCN channels we first immobilized the isolated C-linker/CNBDs of mHCN2 channels on the NTA sensor chip using Ni^2+^-NTA and 6-His tag coupling. A schematic of the HCN2 C-linker/CNBD immobilized on the NTA sensor chip is shown in [Fig 1B](#pone.0185359.g001){ref-type="fig"}. We recorded SPR sensorgrams over a range of cAMP and cGMP concentrations ([Fig 1C and 1D](#pone.0185359.g001){ref-type="fig"}). Both cAMP and cGMP showed binding and increased the binding response in a concentration dependent manner ([Fig 1C and 1D](#pone.0185359.g001){ref-type="fig"}). To determine the cAMP and cGMP binding affinity the binding response was plotted against the analyte concentration ([Fig 1E](#pone.0185359.g001){ref-type="fig"}). Fitting of the dose response plots in [Fig 1E](#pone.0185359.g001){ref-type="fig"} revealed the binding affinities of 2.5 ± 0.4 μM for cAMP and 12.3 ± 1.1 μM for cGMP, The averaged binding affinities for experiments on different NTA sensor chips were 1.9 ± 0.1 μM (n = 5) for cAMP and 13.4 ± 2.0 μM (n = 7) for cGMP ([Table 1](#pone.0185359.t001){ref-type="table"}). These affinities are less than the affinities determined for the full-length HCN2 channels with electrophysiology (60--500 nM for cAMP \[[@pone.0185359.ref003],[@pone.0185359.ref037]\] and \~6 μM for cGMP \[[@pone.0185359.ref003]\]).

10.1371/journal.pone.0185359.t001

###### Cyclic nucleotide binding affinities for the C-linker/CNBDs of HCN channels determined with SPR.

![](pone.0185359.t001){#pone.0185359.t001g}

                K~d~ for cAMP (μM)   K~d~ for cGMP (μM)
  ------------- -------------------- ----------------------
  mHCN2         1.9 ± 0.1 (n = 5)    13.4 ± 2.0 (n = 7)
  mHCN2-L586W   10 ± 0.3 (n = 6)     ≥ 73.9 ± 7.8 (n = 6)
  hHCN4         1.5 ± 0.2 (n = 5)    5.5 ± 0.9 (n = 4)

n is the number of different Ni^2+^-NTA chips used to obtain the averaged binding affinities.

The cAMP binding affinity determined with SPR is in agreement with previously reported affinities for the isolated C-linker/CNBDs of HCN2 channels of 1--3.7 μM for cAMP determined with isothermal titration calorimetry (ITC) \[[@pone.0185359.ref013],[@pone.0185359.ref014],[@pone.0185359.ref036],[@pone.0185359.ref038]\], lower than the binding affinity of 0.3--0.7 μM for 8-Fluo-cAMP, a fluorescent cAMP analog, determined with fluorescence anisotropy (FA) \[[@pone.0185359.ref013],[@pone.0185359.ref014],[@pone.0185359.ref039]\], and higher than the binding affinity of 10 μM for 8-AHA-cAMP, a cAMP analog, determined with SPR \[[@pone.0185359.ref013]\]. The differences between the affinities determined with ITC and FA reflect intrinsic differences between the two assays, as the binding affinities of 8-Fluo-cAMP and cAMP determined with ITC were similar \[[@pone.0185359.ref013],[@pone.0185359.ref014]\]. To determine the binding affinity of 8-AHA-cAMP with SPR, 8-AHA-cAMP was covalently coupled to the CM5 sensor chip surface and the C-linker/CNBDs were injected at increasing concentrations \[[@pone.0185359.ref013],[@pone.0185359.ref040]\]. No sensorgrams or fits of the dose-response plots for the 8-AHA-cAMP binding were included in the paper \[[@pone.0185359.ref013]\], precluding the direct comparison of the data with our results. The difference in the binding affinities measured with SPR for 8-AHA-cAMP and cAMP could reflect the difference in the binding affinities of cAMP and its analog, and/or the difference in the immobilization procedure used in the two studies. Importantly, the immobilization procedure used in our study is more advantageous for identification of novel HCN channel ligands using high-throughput chemical library screening than the procedure used by Lolicato et al. and Moller et al. In our study the C-linker/CNBD is immobilized on the surface and the chemical library compounds can be injected over the immobilized protein in a high-throughput manner. While in the studies by Lolicato et al. and Moller et al., a specific ligand (8-AHA-cAMP) is coupled to the sensor surface and the isolated C-linker/CNBD is injected over the immobilized ligand. Therefore, the detection of novel ligands will be cumbersome as it would require a competition with the 8-AHA-cAMP for a binding to the hHCN4 for the detection and also substantially larger amounts of the protein will be required for a large-scale screening, potentially making it impractical to screen a library of chemical compounds in a high-throughput manner with this approach.

The cGMP binding affinity determined with SPR is in agreement with previously reported affinity for the C-linker/CNBDs of HCN2 channels of 8.5 μM determined with ITC \[[@pone.0185359.ref041]\]. For both cAMP and cGMP two affinities, low and high, were detected with ITC \[[@pone.0185359.ref036],[@pone.0185359.ref041]\]. The high affinity binding was observed at high concentrations of the protein at which the C-linker/CNBDs form tetramers. Only the low affinity binding was observed at ≤ 25 μM concentrations at which the C-linker/CNBDs are predominantly monomers. Consistent with these findings we observed only low affinity binding, as the C-linker/CNBDs are expected to be in a monomeric state at the low concentrations used for the SPR based experiments. Taken together, our results indicate that the SPR-based experimental approach described here is well suited for the detection of cyclic nucleotide binding to the isolated C-linker/CNBDs of HCN2 channels and the affinities determined with SPR are overall in agreement with affinities determined with other methods for the isolated C-linker/CNBDs.

L586W mutation in the P-helix decreases cyclic nucleotide affinity to the immobilized C-linker/CNBDs of HCN2 channels {#sec008}
---------------------------------------------------------------------------------------------------------------------

Previously, mHCN2-L586W C-linker/CNBDs were used to determine cAMP and cGMP binding affinities using the tryptophan fluorescence as a reporter of the cyclic nucleotide binding \[[@pone.0185359.ref027]\]. The C-linker/CNBDs of mHCN2 channels lack endogenous tryptophan residues. Therefore, a tryptophan residue was substituted for the leucine at the position 586 on the P-helix near the cyclic nucleotide binding site ([Fig 2A](#pone.0185359.g002){ref-type="fig"}). Cyclic nucleotide binding affinities measured based on the changes in the tryptophan fluorescence were 13 ± 2 μM for cAMP and 62 ± 23 μM for cGMP \[[@pone.0185359.ref027]\]. These affinities are lower than the affinities determined with SPR. To distinguish if the discrepancy in the affinities is due to the intrinsic differences between the two assays used or due to the changes in the affinity introduced by the L586W mutation, we immobilized the mHCN2-L586W C-linker/CNBDs on the NTA sensor chip and recorded SPR sensorgrams over a range of cAMP and cGMP concentrations ([Fig 2B and 2C](#pone.0185359.g002){ref-type="fig"}). Fitting of the dose response plots revealed the binding affinities of 10.6 ± 1.5 μM for cAMP and ≥70.1 ± 3.8 μM for cGMP ([Fig 2D](#pone.0185359.g002){ref-type="fig"}), and averaged binding affinities of 10.0 ± 0.3 μM (n = 6) for cAMP and \>73.9 ± 7.8 μM (n = 6) for cGMP for experiments on different NTA sensor chips ([Table 1](#pone.0185359.t001){ref-type="table"}). At concentrations higher than 300 μM cyclic nucleotides bound strongly to the reference surface with no immobilized protein. Therefore, the response at these high concentrations had to be excluded from the affinity calculations. Because of this limitation we were able to estimate only the lower limit of cGMP affinity.

![L586W mutation decreases cyclic nucleotide affinity to the C-linker/CNBDs of HCN2 channels.\
(A) Enlarged view of the cAMP binding pocket and the Trp residue introduced at position 586. The ribbon representation for mHCN2-L586W was obtained with SWISS-MODEL \[[@pone.0185359.ref057]\] based on the crystal structure of the mHCN2 C-linker/CNBD \[[@pone.0185359.ref015]\]. cAMP is colored in yellow. (B) and (C) Representative SPR sensorgrams recorded for the immobilized HCN2-L586W C-linker/CNBDs with the indicated concentrations of cAMP (B) and cGMP (C). C-linker/CNBDs immobilized on the same surface were used in (B) and (C). (D) Plots of the SPR response at 30 s after the start of the injection versus total cAMP (filled squares) and cGMP (open squares) concentration for sensorgrams shown in (B) and (C). The lines represent fits of the data with Hill equation. The binding affinities were 10.6 ± 1.5 μM for cAMP and ≥70.1 ± 3.8 μM for cGMP.](pone.0185359.g002){#pone.0185359.g002}

The cAMP affinity for the L586W mutant C-linker/CNBDs determined with SPR was comparable to the affinity for the mutant domains determined with the tryptophan fluorescence-based method and lower than the affinity for the wild-type domains determined with SPR ([Table 1](#pone.0185359.t001){ref-type="table"}). Although we were unable to determine the exact cGMP affinity for the L586W mutant C-linker/CNBDs, it is much lower than the affinity for the wild-type domains ([Table 1](#pone.0185359.t001){ref-type="table"}). These observations indicate the L586W mutation decreases the cyclic nucleotide affinity for the C-linker/CNBDs of HCN2 channels and the two assays, SPR and tryptophan fluorescence-based, give similar measurements for cyclic nucleotide binding affinities.

cAMP and cGMP bind to the immobilized C-linker/CNBD of hHCN4 channels in a concentration dependent manner {#sec009}
---------------------------------------------------------------------------------------------------------

To determine the cyclic nucleotide affinity for the C-linker/CNBDs of HCN4 channels with SPR, we immobilized the isolated C-linker/CNBDs of hHCN4 channels on the NTA sensor chip and recorded SPR sensorgrams over a range of cAMP and cGMP concentrations ([Fig 3A and 3B](#pone.0185359.g003){ref-type="fig"}). Both cAMP and cGMP increased the binding response in a concentration dependent manner ([Fig 3A and 3B](#pone.0185359.g003){ref-type="fig"}). The analysis of the dose response plots revealed binding affinities of 1.4 ± 0.3 μM for cAMP and 5.6 ± 0.2 μM for cGMP ([Fig 3C](#pone.0185359.g003){ref-type="fig"}), and averaged binding affinities of 1.5 ± 0.2 μM (n = 5) for cAMP and 5.5 ± 0.9 μM (n = 4) for cGMP for experiments on different NTA sensor chips ([Table 1](#pone.0185359.t001){ref-type="table"}). The cAMP affinity for the C-linker/CNBDs of HCN4 was similar to the affinity for the C-linker/CNBDs of HCN2 channels (P \> 0.1 by ANOVA), while the cGMP affinity was about two-fold higher for hHCN4 than for mHCN2 domains (P \< 0.05 by ANOVA). The cAMP binding affinity for the isolated HCN4 C-linker/CNBDs was the same as the cAMP affinity of 1.5 μM reported for the full-length hHCN4 channels with electrophysiology \[[@pone.0185359.ref042]\] and cGMP affinity was higher for the isolated domains than the affinity of 13.2 μM determined with electrophysiology \[[@pone.0185359.ref023]\].

![Detecting cNMP binding to the HCN4 C-linker/CNBDs with SPR.\
(A) and (B) Representative SPR sensorgrams recorded for the immobilized hHCN4 C-linker/CNBDs with the indicated concentrations of cAMP (A) and cGMP (B). C-linker/CNBDs immobilized on the same surface were used in (A) and (B). (C) Plots of the SPR response at 30 s after the start of the injection versus total cAMP (filled diamonds) and cGMP (open diamonds) concentration for sensorgrams shown in (A) and (B). The lines represent fits of the data with Hill equation. The binding affinities were 1.4 ± 0.3 μM for cAMP and 5.6 ± 0.2 μM for cGMP.](pone.0185359.g003){#pone.0185359.g003}

The cAMP binding affinity for the isolated C-linker/CNBDs of HCN4 channels determined with SPR is lower than the previously reported binding affinity for the isolated domains of \~ 0.8 μM for cAMP determined with ITC \[[@pone.0185359.ref014],[@pone.0185359.ref036]\] and of 0.18--0.28 μM for 8-Fluo-cAMP determined with FA \[[@pone.0185359.ref013],[@pone.0185359.ref014]\], and is in the lower end of the 1--9 μM range for cAMP affinities determined with the Saturation Transfer Reference method \[[@pone.0185359.ref021]\]. The cAMP affinity determined here is higher than the affinity of 11 μM for 8-AHA-cAMP binding determined with SPR using 8-AHA-cAMP covalently coupled to the CM5 sensor \[[@pone.0185359.ref013]\]. The cGMP affinity determined here is lower than the 8-Fluo-cGMP affinity of 0.7 μM for the C-linker/CNBDs of HCN4 channels determined with FA \[[@pone.0185359.ref013]\]. As mentioned above the differences in the cyclic nucleotide affinities determined with different methods could reflect the intrinsic differences in the assays used and also the differences in the binding affinities of various cyclic nucleotide analogs. Our results indicate that similar to the measurements of cyclic nucleotide affinity to the HCN2 C-linker/CNBDs, the SPR-based method can be used to measure cyclic nucleotide affinity to the isolated domains of HCN4 channels.

Cyclic dinucleotides do not bind to the immobilized C-linker/CNBD domain of hHCN4 channels {#sec010}
------------------------------------------------------------------------------------------

It was shown that in the presence of cyclic nucleotides, cyclic dinucleotides, including c-di-GMP, c-di-AMP and cGAMP, antagonized the effect of cyclic nucleotides \[[@pone.0185359.ref023]\]. For instance, c-di-GMP decreased the positive shift in the hHCN4 half-maximal activation voltage (V~1/2~) of 17 mV induced by 15 μM cAMP in a concentration dependent manner with an apparent affinity of 1.8 μM \[[@pone.0185359.ref023]\]. Analysis of the HCN4 C-linker/CNBD domain structure crystallized in the presence of cGMP revealed a canonical cGMP binding site in the β-roll cavity and also a second site in the C-linker formed at the interface with the β-roll, referred as the C-linker pocket (CLP), as illustrated in Figs [1A](#pone.0185359.g001){ref-type="fig"} and [4A](#pone.0185359.g004){ref-type="fig"}. The CLP site was big enough to accommodate cyclic dinucleotides and structure-based molecular docking simulations placed cyclic dinucleotides inside the CLP site \[[@pone.0185359.ref023]\]. Mutations of the C-linker residues Y559, F564 and E566, predicted to form direct contacts with cyclic dinucleotides by the molecular docking simulations, affected cyclic dinucleotide modulation and R680E mutation in the β8 strand of the β-roll completely abolished the effect of cyclic dinucleotides, while having little effect on the cyclic nucleotide induced shift in the V~1/2~ \[[@pone.0185359.ref023]\]. Although direct evidence for cyclic dinucleotide binding was missing, based on the structural and mutational analysis it was proposed that cyclic dinucleotides modulate hHCN4 channels via direct binding to the C-linker/CNBDs.

![Cyclic dinucleotides do not bind to the HCN4 and HCN2 C-linker/CNBDs.\
(A) Cartoon of the hHCN4 C-linker/CNBD immobilized on the NTA chip surface using Ni^2+^-NTA and the N-terminal 6-His tag coupling. The same color coding as in [Fig 1B](#pone.0185359.g001){ref-type="fig"}. c-di-GMP placed in the proposed CLP site is shown in cyan. The ribbon representation of the C-linker/CNBD is according to ref \[[@pone.0185359.ref014]\]. (B) Representative SPR sensorgrams recorded for the immobilized hHCN4 C-linker/CNBDs in the presence of 300 μM c-di-GMP (green), 300 μM c-di-GMP and 100 μM cAMP (grey), and 300 μM cGMP (red). All analytes were injected over the same surface with immobilized hHCN4 C-linker/CNBDs. No increase in the binding response was detected upon injection of c-di-GMP in the presence or absence of cAMP (grey and green traces). (C) Representative SPR sensorgrams recorded for the immobilized hHCN4 C-linker/CNBDs in the presence of 300 μM c-di-AMP (green), 300 μM c-di-AMP and 100 μM cAMP (grey), and 300 μM cAMP (red). No increase in the binding response was detected upon injection of c-di-AMP in the presence or absence of cAMP (grey and green traces). All analytes were injected over the same surface with immobilized hHCN4 C-linker/CNBDs. (D) Representative SPR sensorgrams recorded for the immobilized mHCN2 C-linker/CNBDs in the presence of 300 μM c-di-AMP (green), 300 μM c-di-AMP and 100 μM cAMP (grey), and 300 μM cAMP (red). No increase in the binding response was detected upon injection of c-di-AMP in the presence or absence of cAMP (grey and green traces). All analytes were injected over the same surface with immobilized mHCN2 C-linker/CNBDs.](pone.0185359.g004){#pone.0185359.g004}

To test if cyclic dinucleotides directly bind to the isolated C-linker/CNBDs of hHCN4 channels we immobilized the isolated domains on the NTA sensor chip ([Fig 4A](#pone.0185359.g004){ref-type="fig"}) and recorded SPR sensorgrams in the presence of cyclic dinucleotides. No binding to the immobilized C-linker-CNBDs was detected for c-di-GMP at 300 μM concentration ([Fig 4B](#pone.0185359.g004){ref-type="fig"}, green traces). The cyclic dinucleotide effect on the full-length hHCN4 channels was detected only in the presence of cyclic nucleotides, with 100 μM c-di-GMP completely abolishing the effect of 15 μM cAMP on the V~1/2~ \[[@pone.0185359.ref023]\]. Therefore, to test if the cyclic dinucleotide binding to the immobilized C-linker/CNBDs requires cyclic nucleotides we recorded SPR sensorgrams in the presence of both c-di-GMP and cAMP. For these experiments the blank subtraction was carried out as described in "Experimental Procedures" but using the buffer with 100 μM cAMP as a blank. In the presence of 100 μM cAMP no increase in the binding response was detected upon injection of 300 μM c-di-GMP ([Fig 4B](#pone.0185359.g004){ref-type="fig"}, grey traces). As a positive control we injected 300 μM cGMP alone ([Fig 4B](#pone.0185359.g004){ref-type="fig"}, red traces) and recorded a robust response ([Fig 4B](#pone.0185359.g004){ref-type="fig"}, red traces). All three triplicate injections (300 μM c-di-GMP, 300 μM c-di-GMP + 100 μM cAMP, and 300 μM cGMP) were carried out over the same immobilized hHCN4 C-linker/CNB domains. The use of the same chip surface for the three injections removes the possibility of no binding detection due to an improper C-linker/CNBDs immobilization on the NTA sensor chip.

No binding was also observed for c-di-AMP injected at 300 μM concentrations to the immobilized hHCN4 C-linker/CNBDs in the absence ([Fig 4C](#pone.0185359.g004){ref-type="fig"}, green traces) or presence of 100 μM cAMP ([Fig 4C](#pone.0185359.g004){ref-type="fig"}, grey traces), while a robust binding was detected for 300 μM cAMP alone ([Fig 4C](#pone.0185359.g004){ref-type="fig"}, red traces). All three injections were also carried out on the same immobilized C-linker/CNBDs. The SPR sensorgrams recorded over the range of c-di-GMP, c-di-AMP and cGAMP in the absence and presence of 100 μM cAMP also did not show any cyclic dinucleotide binding ([S2 Fig](#pone.0185359.s002){ref-type="supplementary-material"}). In agreement with the report that HCN2 channels are not regulated by cyclic dinucleotides \[[@pone.0185359.ref023]\], C-linker/CNBDs of HCN2 channels did not show any cyclic dinucleotide binding in the absence or presence of cAMP when measured with SPR, while a robust binding for cAMP alone was recorded ([Fig 4D](#pone.0185359.g004){ref-type="fig"}). These results indicate that cyclic dinucleotides do not bind to the immobilized isolated C-linker/CNBDs of HCN4 and HCN2 channels.

Cyclic dinucleotides do not bind to the non-immobilized monomeric and tetrameric C-linker/CNBD domain of hHCN4 channels {#sec011}
-----------------------------------------------------------------------------------------------------------------------

To test if the observed absence of cyclic dinucleotide binding to the isolated C-linker/CNBDs of hHCN4 is due to a possible change in the C-linker conformation caused by the immobilization of the protein on the sensor chip surface we used isothermal titration calorimetry (ITC), a method that does not require protein immobilization, to determine ligand binding to the 6-His tagged C-linker/CNBDs used in the SPR experiments. With ITC experiments on the C-linker/CNBDs at 6 μM concentrations we observed cAMP binding with the binding affinity of 1.1 ± 0.5 μM ([Fig 5A](#pone.0185359.g005){ref-type="fig"}), in agreement with the previously reported binding affinities obtained with this method at low concentrations of the C-linker/CNBDs at which they are expected to be in a monomeric form \[[@pone.0185359.ref014],[@pone.0185359.ref036]\]. However, similar to the SPR results, no binding was observed for c-di-GMP either in the absence ([Fig 5B](#pone.0185359.g005){ref-type="fig"}) or presence of 100 μM cAMP ([Fig 5C](#pone.0185359.g005){ref-type="fig"}). For the experiments in [Fig 5C](#pone.0185359.g005){ref-type="fig"}, 100 μM cAMP was present in both the ligand and protein solutions. Therefore, the absence of cyclic dinucleotide binding to the C-linker/CNBDs of hHCN4 observed with SPR is not due to the immobilization of the protein on the sensor chip.

![Cyclic nucleotide and cyclic dinucleotide binding to the monomeric and tetrameric HCN4 C-linker/CNBD tested with ITC.\
Thermograms of successive injections of 1.25 μl of cAMP (A and D), c-di-GMP (B and E) and c-di-GMP in the presence of cAMP (C and F) (top panels) and the corresponding binding isotherms (bottom panels). For experiments in (C) 100 μM cAMP and in (F) 1 mM cAMP was present in both the protein and ligand solutions. Monomeric 6-His tagged hHCN4 C-linker/CNBDs at 6 μM concentration, purified in the same manner as for the SPR-based experiments, were used for experiments in (A-C). hHCN4 C-linker/CNBDs after the MBP tag cleavage at 80 μM concentration were used for experiments in (D-F). The binding isotherms were obtained by integrating the peaks in the top panels, normalizing the obtained values by the cAMP concentration and plotting them against the molar ratio of cAMP to the protein. The lines represent a nonlinear least-square fit to a single--site binding model for (A-C) and a two independent binding site model for (D-F). The binding affinities for cAMP were 1.1 ± 0.5 μM in (A), and 1.7 ± 0.3 μM and 0.03 ± 0.02 μM in (D).](pone.0185359.g005){#pone.0185359.g005}

In the absence of cAMP the C-linker/CNBDs of HCN4 channels are primarily monomeric while increase in the cAMP concentration and the concentration of the C-linker/CNBDs promotes formation of dimers and tetramers \[[@pone.0185359.ref013],[@pone.0185359.ref015],[@pone.0185359.ref036]\]. The effect of cyclic dinucleotides on HCN4 currents was observed only in the presence of cAMP \[[@pone.0185359.ref023]\]. Therefore, cyclic dinucleotide binding might require tetramerization of the C-linker/CNBDs. To test this possibility we first expressed the C-linker/CNBDs of hHCN4 fused to the maltose binding protein (MBP), since the MBP tag typically increases the yield of the expressed protein \[[@pone.0185359.ref043],[@pone.0185359.ref044]\]. We then cleaved the MBP tag with thrombin, concentrated the purified hHCN4 C-linker/CNBDs at 80 μM concentration and examined ligand binding with ITC. We observed cAMP binding to the purified protein with affinities of \~ 1.7 ± 0.3 μM and 0.03 ± 0.02 μM ([Fig 5D](#pone.0185359.g005){ref-type="fig"}). These affinities were similar to the low- and high-binding affinities of 1.11 ± 0.62 μM and 0.07 ± 0.05 μM determined with ITC at high concentrations of hHCN4 C-linker/CNBDs by Chow et al \[[@pone.0185359.ref036]\]. It has been proposed that a negative cooperativity in cAMP binding to the tetrameric C-linker/CNBDs could account for the presence of high-and low-binding affinities \[[@pone.0185359.ref036]\]. However, similar to the ITC and SPR results at low concentration of the C-linker/CNBDs, no binding was observed for c-di-GMP either in the absence ([Fig 5E](#pone.0185359.g005){ref-type="fig"}) or presence of 1 mM cAMP at high concentrations of C-linker/CNBDs ([Fig 5F](#pone.0185359.g005){ref-type="fig"}). It has been shown with analytical ultracentrifugation and size exclusion chromatography that in the presence of 1 mM cAMP and at concentrations of \~70 uM or higher the C-linker/CNBDs of hHCN4 channels are found only as tetramers \[[@pone.0185359.ref013]\]. Therefore, our experiments indicate that tetrameric C-linker/CNBDs of hHCN4 channels also do not bind cyclic dinucleotides.

Discussion {#sec012}
==========

Here we show that SPR can be used to accurately measure ligand binding to the isolated C-linker/CNBDs of HCN channels. We found that binding affinity of cyclic nucleotides, cAMP and cGMP, to the C-linker-CNBDs of mHCN2 and hHCN4 channels determined with SPR is comparable to the affinities measured with other methods, indicating that SPR is well suited for studying ligand-binding in HCN channels. Unlike for cyclic nucleotides, we did not detect any binding for cyclic dinucleotides, c-diGMP, c-diAMP and cGAMP, to the C-linker-CNBDs of mHCN2 and hHCN4 channels either in the absence or presence of cyclic nucleotides when measured with SPR and also with ITC. These findings indicate that the isolated C-linker/CNBD of HCN4 channels is insufficient for direct binding of cyclic dinucleotides.

Potential mechanisms for cyclic dinucleotides modulation of HCN channels {#sec013}
------------------------------------------------------------------------

Cyclic dinucleotides are common signaling molecules in bacteria \[[@pone.0185359.ref024]\]. Although recently they have been also discovered in eukaryotes \[[@pone.0185359.ref025],[@pone.0185359.ref026]\], the physiological role of cyclic dinucleotides in higher organisms is not yet clear. Cyclic dinucleotides regulate HCN channels in a subtype dependent manner \[[@pone.0185359.ref023]\]. They antagonized the effect of cyclic nucleotides in HCN4 channels but have no effect on HCN2 channels \[[@pone.0185359.ref023]\]. Although at this point cyclic dinucleotides are not regarded as physiologically relevant HCN channel ligands, understanding the mechanisms of cyclic dinucleotide regulation might facilitate the discovery of novel subtype specific regulators. Structural analysis of the C-linker region and mutagenesis studies suggested that the C-linker forms a binding site for cyclic dinucleotides in HCN4 channels, although a direct evidence of the binding was missing \[[@pone.0185359.ref023]\]. Interestingly, the C-linker/CNBDs of HCN4 and HCN2 channels are highly conserved in their amino acid sequence and structural fold ([S1 Fig](#pone.0185359.s001){ref-type="supplementary-material"}) \[[@pone.0185359.ref014],[@pone.0185359.ref015]\]. Moreover, residues that had been shown to affect cyclic dinucleotide modulation of HCN4 channels, including R680 that completely abolished the cyclic dinucleotide effect, are identical in HCN2 and HCN4 channels ([S1 Fig](#pone.0185359.s001){ref-type="supplementary-material"}). Therefore, if the C-linker/CNBDs are solely responsible for the cyclic dinucleotide binding, it is difficult to reconcile the differential modulation of HCN4 and HCN2 channels by cyclic dinucleotides. Our observation that the isolated monomeric and tetrameric C-linker/CNBDs of HCN4 channels do not bind cyclic dinucleotides might provide the answer to this conundrum, as it suggests that to bind cyclic dinucleotides the C-linker might require interaction with other regions of the channel.

What are the regions of HCN channels that may facilitate the cyclic dinucleotide binding to the C-linker and give rise to the differential regulation of HCN4 and HCN2 channels? Recent cryo-electron microscopy structure of the full-length HCN1 channel \[[@pone.0185359.ref045]\] and functional studies \[[@pone.0185359.ref046]\] indicate that the S4-S5 linkers directly interact with the C-linkers from neighboring subunits in HCN channels ([Fig 6A](#pone.0185359.g006){ref-type="fig"}). However, the S4-S5 linkers are conserved in HCN2 and HCN4 channels, making this interaction an unlikely source of the differential effect of cyclic dinucleotides. Another region revealed by the crystal structure to form direct interactions with the C-linker is the HCN domain, comprised of three alpha helices directly preceding the first transmembrane segment in HCN channels ([Fig 6A](#pone.0185359.g006){ref-type="fig"}) \[[@pone.0185359.ref045]\]. The HCN domain might be sufficiently diverse to give rise to the subtype specific effect of cyclic dinucleotides on HCN channel function. Alternatively, subtle structural differences between the full-length HCN2 and HCN4 channels may be responsible for the differential modulation by cyclic dinucleotides.

![Structural model of the c-di-GMP regulation.\
(A) Ribbon representation of transmembrane segments of two opposing subunits and the C-linker/CNBDs of the two subunits adjacent to them from the full-length structure of HCN1 channels \[[@pone.0185359.ref045]\]. The transmembrane segments of the subunits containing the C-linker/CNBDs shown in the figure and the C-linker/CNBDs of the subunits containing transmembrane segments shown in the figure are omitted for clarity. In the crystal structure C-linkers are making direct contacts with S4-S5 linkers and HCN domains from only the adjacent subunits. Transmembrane segments (TM) are shown in grey, S4-S5 linkers and HCN domains are orange, C-linkers are red, β-roll and helices A, P and B are blue, and the C-helix and the distal C-terminus are green. cAMP bound inside the β-roll cavity is yellow. c-di-GMP placed in the proposed CLP site is cyan. (B) Structural alignment of the C-linker/CNBD from the full-length HCN1 structure \[[@pone.0185359.ref045]\] shown in gray and isolated C-linker/CNBD of HCN2 channels \[[@pone.0185359.ref015]\] shown in magenta.](pone.0185359.g006){#pone.0185359.g006}

Structural alignment of the C-linker/CNBDs from the cryo-electron microscopy structure of HCN1 channels \[[@pone.0185359.ref045]\] with the crystal structure of the isolated C-linker/CNBD of HCN2 channels \[[@pone.0185359.ref015]\] revealed a high similarity with the root mean square deviation (r.m.s.d.) of 1 Å ([Fig 6B](#pone.0185359.g006){ref-type="fig"}). Remarkably the fold and orientation of the C-linker in the isolated C-linker/CNBD, which is not coupled to the S6 transmembrane segment, is very similar to the orientation of the C-linker in the full length structure. This similarity underscores the relevance of the findings from the studies on the isolated C-linker/CNBDs for understanding the molecular mechanisms of the full-length HCN channel function.

Beyond the considered molecular mechanisms membrane-associated factors, posttranslational modifications and interacting proteins could also contribute to the isoform-specific cyclic dinucleotide modulation of HCN channels. Since the effect of cyclic dinucleotides was preserved for HCN channels in excised inside-out patches \[[@pone.0185359.ref023]\], these mechanisms have to be membrane-delimited. For instance, it has been shown that in Chinese hamster ovary (CHO) cells external application of cAMP did not increase HCN4 channel activity in both whole-cell recordings and excised patches as the basal voltage dependence was already shifted to more depolarized potentials \[[@pone.0185359.ref047]\]. This tonic activation of HCN4 channels was absent for HCN2 channels, and was attributed to the distal C terminus of HCN4 channels (downstream of the CNBD) and an unidentified membrane-associated intracellular factor(s) specific to CHO cells. The distal C-terminus is diverse between HCN2 and HCN4 channels and could promote isoform-specific regulation. Therefore, it is conceivable that a membrane-associated intracellular factor, which would be missing in our experiments based on the purified C-linker/CNBDs, is contributing to cyclic dinucleotide binding and modulation in HCN4 channels.

HCN channels contain multiple consensus PKA (cAMP-activated protein kinase) phosphorylation sites and display isoform and cell-type specific PKA-dependent regulation \[[@pone.0185359.ref048]\]. PKA was shown to regulate the activity of native HCN channels in mouse sinoatrial myocytes \[[@pone.0185359.ref048]\] and rat olfactory receptor neurons \[[@pone.0185359.ref049]\], and HCN4 channels heterologously expressed in CHO cells via a direct phosphorylation \[[@pone.0185359.ref048]\]. However, PKA had no effect on native HCN channels in rat dorsal root ganglion cells \[[@pone.0185359.ref050]\] and guinea pig sensory afferent neurons \[[@pone.0185359.ref051]\]. Interestingly, the diverse distal C-terminus was required for the effect of PKA on HCN4 channels \[[@pone.0185359.ref048]\]. Therefore, it is possible that the isoform-dependent phosphorylation state could contribute to the isoform-specific cyclic dinucleotide modulation of HCN channels.

Finally, membrane-associated proteins interacting with HCN channels can also play a role in cyclic dinucleotide modulation. One of the known interacting proteins for HCN channels is tetratricopeptide repeat-containing Rab8b-interacting protein (TRIP8b), an auxiliary cytoplasmic protein \[[@pone.0185359.ref052],[@pone.0185359.ref053]\]. TRIP8b antagonizes the effect of cAMP by directly interacting with the C-linker/CNBD of HCN channels \[[@pone.0185359.ref054],[@pone.0185359.ref019]\]. As a cytoplasmic protein that affects both HCN2 and HCN4 channels to the same extend, TRIP8b is unlikely to contribute to the isoform specificity of the cyclic dinucleotide modulation seen in excised patches. However, it is possible that yet unidentified membrane-associated protein could be affecting cyclic dinucleotide modulation of HCN channels.

Potential of SPR for HCN channel drug discovery {#sec014}
-----------------------------------------------

SPR is a powerful biophysical method for quantitatively investigating ligand-protein interactions \[[@pone.0185359.ref055],[@pone.0185359.ref056]\]. It uses changes in the refractive index of the material near the sensor surface with immobilized receptor to detect ligand binding. The SPR method has several advantages for studies of ligand binding: 1) The detection of ligand binding with the SPR approach used in our study does not require development of a radioactive or fluorescent ligand analogs. This makes it possible to detect unknown ligands via screening of chemical libraries, a collection of thousands of small molecules that could be potential novel ligands, for binding to the target protein; 2) SPR offers an excellent opportunity of a direct comparison of affinities for various ligands as they can be measured for the same immobilized receptor. Here we used this advantage to probe cyclic nucleotide and cyclic dinucleotide binding to the same C-linker/CNBDs ([Fig 4](#pone.0185359.g004){ref-type="fig"}); 3) SPR requires small amounts of protein for immobilization on the chip surface and once immobilized the same surface can be used for the dose-response experiments for several different ligands; 4) Finally, SPR offers a great platform for high-throughput screening of chemical libraries with a capacity of detecting the binding of up to 4800 compounds in 24 hrs. It should be noted that the SPR method also has a limitation. It requires protein immobilization on the sensor chip surface, which could affect the protein conformation and, therefore, ligand binding. However, we feel that the advantages of the method far outweigh the limitation of the SPR for ion channel drug discovery.

HCN channels are important drug discovery targets for cardiovascular and neurological disorders. There is a need for the development of a robust high-throughput screening platform for the discovery of novel HCN channel small molecule regulators. Our study indicates that SPR is well suited for ligand binding studies in HCN channels and paves the way for the discovery of novel HCN channel regulators using SPR as a high-throughput chemical library screening platform.

Supporting information {#sec015}
======================

###### Amino acid sequence and structural alignment of the C-linker/CNBDs of mHCN2 and hHCN4.

Identical residues are black on yellow background, similar residues are black on green background. The residues mutations of which altered cyclic dinucleotide response are indicated by arrows. Protein accession numbers are EDL31671 for mHCN2 and Q9Y3Q4 for hHCN4. (B) Structural alignment of the C-linker/CNBD of mHCN2 \[[@pone.0185359.ref015]\] (gray) and hHCN4 channels \[[@pone.0185359.ref014]\] (blue). cAMP bound inside the β-roll cavity is yellow and c-di-GMP placed in the proposed CLP site is cyan.
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Click here for additional data file.

###### Cyclic dinucleotides do not bind to the HCN4 C-linker/CNBDs.

Representative SPR sensorgrams recorded for the immobilized hHCN4 C-linker/CNBDs in the absence (A, C, E) and presence (B, D, F) of 100 μM cAMP with the indicated concentrations of c-di-GMP (A and B), c-di-AMP (C and D) and cGAMP (E and F). No increase in the binding response was detected upon injection of cyclic dinucleotides at the indicated concentration in the absence or presence of 100 μM cAMP.
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Click here for additional data file.
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